Abstract-Active transportation, human-powered transportation modes such as walking and bicycling, not only reduces the carbon footprint from the transportation sector but also promotes healthy living by offering opportunities for people to build physical activity into their daily routine. To encourage active transportation through urban planning and public campaigns, it is of significant importance to infer factors that substantially influence commuters in their transportation mode choice process. This necessitates a flexible and repeatable tool that can evaluate how a policy is perceived by individual commuters and convert their decisions into macro level understanding. This paper introduces one such effort that is specifically designed for studies of transportation mode choices in metropolitan areas. It provides results from a high-resolution data driven simulation based on high performance computing implementation of the agent-based model framework for hometo-work commute trips. The framework uses a graph-partition based technique that can leverage the interaction structure of agents within a geographic proximity and can boost the simulation execution time. Further, based on a flexible design, it can run ABM with different levels of computing resourcesfrom multi core workstations to an HPC grid. The framework has been tested on the Titan Cray XK7 supercomputer of the Oak Ridge Leadership Computing Facility.
I. INTRODUCTION Active transportation is any self-propelled, humanpowered mode of transportation, such as walking or bicycling that is often mixed with public transportation. It plays a pivotal role in sustainable transportation, low-carbon living, walkable communities, and public health. Many researchers and policy makers seek ways to promote active transportation in order to alleviate congestion, reduce greenhouse gas emissions, and fight against chronic health conditions such as obesity, diabetes, heart disease, and stroke.
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To promote active transportation modes, it is important to analyze what factors substantially influence a transportation mode choice process. Each transportation mode has a unique set of influencing factors for individuals including sociodemographic attributes, travel cost, transportation network characteristics, and social interactions. This underscores the need to understand macro aspects of transportation mode choices by modeling millions (or even billions) of commuters and their decision processes that are determined separately, but at the same time, directly and indirectly affected by one another. The complexity of such a study is beyond what mathematical (often equation-based) models can offer for analysis mainly due to the size of the system and intricate inter-dependencies among various parts and entities that constitute the system. Agent-based modeling and simulation (ABM) approach offers a mechanism to represent a complex system as a collection of autonomous agents and their environments in which the agents interact with one another and with their environments. The main idea is that even a complex system can be modeled and analyzed by deriving a holistic aspect of such interactions between agents and their impacts on their environments. We find agent based dynamics are particularly suited to replicating decision making processes of metropolitan populations in choosing their commute modes. The way individuals make commute mode choices closely resembles many decision processes of many ABM applications where not only individual circumstances but also repeated interactions with others contribute to arriving at the decisions.
High-fidelity data-driven simulation, which enables emulation of the environments as realistic as possible, is a way to best leverage the ABM approach for a close analysis of active transportation mode choices, especially of a metropolitan area. This increases the credibility of a study by incorporating real-life data as inputs to the simulation. For example, an ABM simulation that includes humans as agents can instantiate the population by feeding individual data obtained from census into the simulation rather than deriving agents features from assumed demographic distributions in silico. However, a high-fidelity data-driven model is beyond the capacity of a single computer to load and operate. In this paper, we introduce a high-performance computing (HPC) ABM framework that is designed to address the issue. The framework provides a flexible mechanism in creating and incorporating high-fidelity data into a simulation by leveraging a NoSQL database technology. It then partitions the simulation into a number of sub components based on a graph partitioning algorithm in such a way that the whole simulation is executed in a balanced distributed fashion. The remainder of the paper organized as follows. Section II reviews related works. Section III describes the overall procedure and methodologies applied. Section IV reports discusses an empirical study of the framework. Finally section V concludes the paper with discussion on future works.
II. RELATED WORKS
Most existing ABM tools are designed for a serial execution, which is not adequate for HPC resources. In this section, we briefly review a few existing HPC approaches.
To run an ABM model in an HPC environment, it is necessary to decompose the model into multiple segments. Grouping agents of spatial proximity is one such effort. This aims to reduce communication overheads between segments, and is often referred to categorization of agent groups based on "sphere of influence" [6] , [8] . However, not all ABM models conform to this simple categorization. An extension to this approach is to incorporate auxiliary information such as an environment topology and agent demographics for segmentation. This augmentation proved to have improved performance when running in a distributed simulation infrastructure [17] , [23] .
An execution of multiple instances of an ABM model in parallel is another approach to utilize HPC resources. This approach is particularly suitable for cases where we need a large number of small runs compared to the case where we need a small number of extremely large runs [8] . In this fashion, various scenarios can be evaluated simultaneously through a bulk of simulation runs. Also, this approach can be used to calibrate model parameters through extensive search of the space in parallel. However, a coordination of the bulk runs needs to be carefully designed [5] , [12] , [15] . Besides these approaches, efforts have been made to use standards such as FIPA 1 and HLA architecture [9] , and several web services. However, literature do not suggest reasonable success from these approaches.
Message Passing Interface (MPI) based agent-based modeling offers memory and state sharing techniques [8] , [11] , [16] . Other approaches include parallel discrete event simulation [20] , [21] , use of graphical processing units (GPUs) [10] , [22] , [25] , and cloud computing [26] , [28] .
Many transportation problems can be easily formulated as ABMs (e.g., vehicles, humans, and traffic lights are modeled as agents). A detailed review can be found in [4] . In fact, a few traffic simulation tools such as MATSim [13] , TRANSIMS [24] , and A-RESCUE [27] are based on the ABM architecture. Some applications include optimizing traffic lights [1] , [3] , [19] , 1 http://www.fipa.org/ III. METHODOLOGY A high performance approach to predict commute mode choices in a dense metropolitan area such as New York, NY includes modeling of the travel decision making process, decomposition of the simulation model into a number of smaller working components, parameter calibration, and execution of the model for given scenarios. In this section, we detail these steps.
A. Model architecture
An agent-based model is a computational model that simulates the actions and dynamics of actors (or agents) to anticipate the holistic impacts that the entire actors make on the system under study. In our model, an agent is a commuter who resides in a geographical unit and commutes to another (or the same) geographical unit by the transportation mode chosen for each day. The geographical units in our model are those used by the United States Census Bureau. These include Census Block, Census Block Group, and Census Tract, where the Census Block is the smallest unit and the Census Tract the largest. While any of these three can be selected into the geographical unit of the model, the choice of a unit will determine the resolution of the simulation output with the Census Block producing the result of the finest resolution. There are a number of factors influencing commuters' mode choices including socio-demographics, built environment, travel attributes, walk/bike network features, and social influence. These are incorporated as parameters into the base mixed logit models of the framework. Details of the model can be found in [2] . Commuters' transportation mode choices are also influenced by other people they are directly or indirectly acquainted with. To incorporate such human relations, an ABM model needs to be designed to allow for human interactions and the effects on behaviors across all users in the system. A pragmatic, yet conceptually intricate model will create a graph, where a vertex is a human and an edge is a relation. However, this is practically infeasible in terms of execution. In case for a reasonably large metropolitan area, a graph can easily include millions (or tens of millions) of vertices, which implies the number of relations in terms of edges will be insurmountably large. Even an HPC approach, which decomposes the graph into multiple subgraphs and executes the simulation of commuters in each subgraph separately, will fail to disseminate all the interactions across subgraphs. One potential solution is to relax the assumptions on human interactions and devise a more amenable HPC model.
To model the human interactions in a tractable manner, we allowed a commuter to be directly influenced only by people either living or working in the same geographical units. We then further mitigate the computation of human influences over the selection of commute mode choices. First, we gather two sets of statistics for each geographical unit: all mode choices of commuters who live in the unit and who commute to the unit. Second, instead of considering influences from all personal human relations, we compute how much each commuter is influenced by these two sets of statistics. In this regard, our ABM model can be considered as a graph where a vertex is a geographical unit and an edge connects two units if one or more agents commute between the units. The amount of information exchanged between the units is the aggregate counts of mode choices by commuters who either live or work in the adjacent units. With such alleviated assumptions, our HPC ABM model is capable of simulating behaviors of millions (or tens of millions) of agents over a large number of compute nodes in a fast and efficient manner.
Our HPC framework is implemented using Repast HPC, an agent-based modeling and simulation toolkit [18] based on the Message Passing Interface (MPI) [7] . As described above a local computational unit corresponds to a sub-graph of geographical units. We choose to map an MPI process to a computational unit so that each MPI process is in charge of simulating behaviors (e.g. selection of commute mode choices) of commuters in the given sub-graph and synchronizing the updated results with all adjacent MPI processes. The overall framework architecture is illustrated in Figure 1 .
B. Partition Strategy for Efficient Parallel Execution
High-performance computing (HPC) ABM simulation is an attempt to parallel an ABM model over some compute nodes. Following a discrete event simulation paradigm, most HPC ABM toolkits put each compute node in charge of executing its local agents and intra-node interactions, and coordinate inter-node agent interactions through message exchanges. The key to the success of an HPC ABM is, therefore, to map computational tasks (or executions of agents' behaviors and their interactions) to the multiple nodes in a way that local computations are maximized and inter-node communications are minimized. In other words, it is critical to reorganize the model into a set of localitypreserving components. In practice, a reorganization of a task is left to the simulation designer who often manually divides the model without much consideration about an optimal configuration. We instead seek to divide the model into a set of sub-graphs so that maximum amount of commuters move between geographical units that both belong to the same sub-graph. In this fashion, not only local computation powers are maximally utilized, but also communication costs incurred from communicating with adjacent sub-graphs are minimized. Figure 2 pictorially illustrates a partitioning of our study area, New York City, where each segment is a subgraphs of Census Block Groups.
In mathematics, such a graph partitioning problem is known to be a k−way balanced partition problem. Formally, given a graph G = (V, E), where V denotes the vertices and E the edges, the objective is to divide the graphs into k almost equal sub-graphs such that there are few edges between the sub-graphs. Since k − way balanced graph partition problem is an NP-hard problems, heuristic or approximation algorithms are used in practice. We choose Metis [14] , a multi-level graph partitioning algorithm. With this scheme, the graph G is first reduced to a smaller graph by collapsing vertices and edges. Then a bisection of the reduced graph is found, and the partition is mapped back to the original graph for refinement. 
C. Data Preparation
Our HPC ABM framework is high-fidelity data-driven. Each simulation run requires a substantial amount of data that provides information about the social and economical demographics of each individual so that behaviors of the agents are realistically evaluated. From the perspective of the HPC ABM, two types of data should be properly provided: data shared by two or more local computational units and data exclusive to each computational unit. The former includes infrastructural data for regions such as road conditions, accident statistics, weather, etc., and the latter data of individuals living in a geographical unit simulated by a computational unit. Since the data exclusive to each unit takes up a significant amount of space, we structure the data in a scalable file format -Hierarchical Data Format 5 (HDF5) -so that each computational unit (an MPI process) reads only the necessary portion of data using the collective MPI-IO.
Note, however, an HDF5 file for a simulation needs to be regenerated when the simulation size changes -the number of computational units increases or decreases -or a different partitioning is generated. To facilitate the input data generation, we implemented a data generation procedure that generates an input HDF5 data for a given simulation size per user's request. The procedure consists of two steps: the data preparation and the data generation. The data preparation step is a one time event that creates and stores all the base data. It uploads three types of data into the database: infrastructure data for each census tract, all synthetically generated commuter data, and a network of census block groups. The second step is to generate an input data in HDF5 format given a simulation size which is the number of MPI processes. We adopted MongoDB to store the base data and generate input data for simulations per a request.
IV. EMPIRICAL STUDY: NEW YORK CITY HOME-TO-WORK COMMUTING CASE
This section describes a case study result obtained from applying the HPC ABM framework to the city of New York. The aim of the study is to find the effects of traffic safety, walk-bike network facilities, and land use attributes on walk and bicycle mode choice decision in New York City for home-to-work commute. Using our HPC ABM framework, we tested infrastructure improvement scenarios to estimate the effect on mode sharechanges in the number of agents walking and biking. Sidewalk width and length of bike lanes are chosen as the scenario features. We change these features at the census tract level compared to our finer resolution levelcensus block group. This is because infrastructure projects need to have some minimum spatial scale and census block group would have been smaller. However, the results are produced at block group level. The model also incorporates the number of pedestrian and bike crashes as explanatory variables to account for the perception of safety in the mode choice decision process.
The base mixed-logit model of our HPC ABM framework include a number of parameters that need to be optimized for a given case. For the case study of New York City, we calibrated the model using Simultaneous Perturbation Stochastic Simulation (SPSA) technique against the American Community Survey (ACS) data.
We also evaluated the scalability of our framework by running the model with different sizes over two different cities: New York and Chicago.
A. Major Findings
Notable results from the study includes: 1) Improving sidewalk facilities such as sidewalk width will increase the likelihood of more people taking an active transportation mode. This recommends the local authorities and planning agencies to invest more on building and maintaining the infrastructure for pedestrians. 2) Our results indicate that: (i) building and extending bike networks (increased length of bike lanes) will attract more bicyclists, and (ii) allowing for exclusive bike-lanes compared with shared lanes will increase the likelihood of bike mode choice. Therefore, to increase the share of bike mode it is important to build more bike lanes and design networks such a way that more exclusive bike lanes can be facilitated. 3) Perception of traffic safety plays significant role in the mode choice decision. Cutting down the number of traffic crashes involving pedestrians and bicyclists will increase the likelihood of taking active transportation modes. The authority should take proper countermeasures to reduce traffic crashes. Figure 3 illustrates the effects of different strategies. Figure 4 shows the increases of active mode choices in counties in New York when sidewalks and bike lanes are improved. 
B. Performance Study
We also performed a scalability (or scaling efficiency) test for the HPC framework. This measurement illustrates how efficient the framework is when it is run with increasing numbers of MPI processes (this is also called strong scaling). Specifically, the simulation is divided into as many smaller segments as the number of processes deployed. We performed the same procedure over two models of New York and Chicago, respectively. The City of New York is represented by the network of 6,481 census block groups in which the total of 2,953,329 commuters reside and work. Likewise, the City of Chicago is represented by the network of 7,899 census block groups with 1,614,887 commuters. For the testing, the network and the commuter population for each city were split into the number of segments as the numbers of simulation sizes, and written into HDF5 files. Using the data generation procedure introduced in Section III, we generated input data files for simulations of sizes 2, 4, 8, 16, 32, 64, 128, 256, and 512 (for Chicago, we only generated data up-to 256). Each data contains the partitioning information and infrastructural data and commuter data arranged for each partition group. We conducted this test using the Titan supercomputer of Oak Ridge Leadership Computing Facility (OLCF). For each simulation case, we simulated commute mode choices of 225 days. As Figure 5 illustrates, an application of our HPC ABM model for New York City shows a good scalability to the simulation size of 256 beyond which no noticeable performance gain was observed.
V. CONCLUSION
Understanding important factors and dynamics behind active transportation mode choices for urban population is important in many aspects: for the urban designers, policy makers, for the benefits of public health, etc. Noting, however, this is a very complex non-linear problem, we introduce an high-fidelity HPC ABM framework for this end. Unlike most existing approaches that simply focus on socio-demographic factors regarding active transportation mode choice, our ABM model explicitly integrate walk and bike network data and pedestrian and bike accident data through a GIS-enabled database for the City of New York. Furthermore, we inject data, which are generated based on a synthetic population model, to instantiate commuters in the city so that high-fidelity and realistic simulation of each commuter becomes possible. Also, we abstract interactions of commuters as message exchanges at the level of a geographical unit while maintaining the actual simulation still at the individual level. This enables a scalable HPC approach for ABM by balancing computations over a large number of compute nodes and minimizing communication overheads that are largely required to disseminate commuter interactions. However, for the same reason, our HPC ABM framework cannot be directly used for problems that require strict processing of individual interactions.
Our HPC ABM framework is modularized and easily expanded to include additional factors into simulation. For example, individual health conditions can be taken into consideration by incorporating personalized disease or health model into the framework. Global factors such as weather conditions or nationwide health promotion campaigns will be easily parameterized into the framework. These additional factors, once included in the framework, will create increased computational loads which, however, will be distributed over multiple compute nodes in a scalable fashion. Thus, if a fast response from a simulation is required, users can simply add more compute nodes into the simulation.
Further, agent-based models provides opportunities to execute advanced travel demand modeling approaches such as activity-based modeling in a scalable and efficient manner. Our HPC-based approach can be used for large-scale fine resolution travel behavior modeling that include complex interactions such as the use of transportation network companies, use of shared-automated vehicle programs and so on. Finally, HPC-based models can be aptly executed for dynamic traffic assignment in an integrated demand-supply model of transportation planning and operations.
